ABSTRACT We have determined a 139-base-pair sequence of adenovirus 2 DNA that is located immediately leftwards of the cleavage site for endonuclease Sma I at position 51.1. The established sequence includes the hexon AUG initiator codon, located 75-77 nueleotides leftwards of this cleavage site, and codons for the first 28 amino acids of the hexon polypeptide. By the use of purified hexon mRNA as a template and separated strands of small restriction enzyme fragments as specific primers, the complete 5' noncoding region of the hexon mRNA was synthesized and part of its sequence was determined. The tripartite leader sequence of the hexon mRNA starts 39 nucleotides upstream from the initiator AUG triplet and the total length of the 5' noncoding part of the hexon mRNA was estimated to be 235 nucleotides. The sequence at the junction of the leader sequence permits the formation of secon ary structures that may of importance for the splicing reaction.
The adenovirus type 2 (Ad2) genome consists of a linear double-stranded DNA molecule with a molecular weight of 23 x 106 (1, 2) . Late after infection a 28,000-nucleotide nuclear mRNA precursor is transcribed (3) . All late mRNA species with two exceptions are derived by cleavage from this common precursor (3, 4) . Recently it was shown that mRNAs derived from this primary transcript have a common 150-to 200-nucleotide leader sequence at their 5' ends (4) (5) (6) (7) (8) . The leader sequence consists of three DNA segments that are derived from parts of the genome other than the structural genes, namely from map positions 16.6,19.6 , and 26.6 (4, 5) . The mechanism by which the leader sequence is added to the individual mRNAs is not known at present, nor has its function been established.
The hexon, which is the major structural protein of the Ad2 capsid has a molecular weight of 120,000 (9, 10) . The 3,500-nucleotide hexon mRNA has been mapped between positions 51.7 and 61.3 by electron microscopy (4, 5) (Fig. 1A) . It is generated by cleavage from the 28,000-nucleotide primary transcript and contains the 150-to 200-nucleotide tripartite leader sequence at its 5' end. In order to understand the processing mechanism for adenovirus mRNA and the function of the leader, a detailed knowledge of the nucleotide sequence at the 5' ends of late adenovirus mRNAs is clearly required. The present communication describes the nucleotide sequence at the NH2-terminal end of the gene for Ad2 hexon and its relation to the leader sequence of the hexon mRNA.
MATERIALS AND METHODS DNA and Restriction Enzymes. Procedures for isolation of restriction endonucleases and Ad2 DNA have been described (11, 12) as well as methods for large-scale preparation of fragments (12 formamide, containing 50 mM Tris-HCI at pH 7.5, 1 mM EDTA, 0.6 M NaCl, and 0.1% sodium dodecyl sulfate. After hybridization overnight at 450C, the mixture was precipitated with ethanol and dissolved in a buffer that contained 40 mM Tris-HCl at pH 7.5, 10 mM MgCl2, 50 mM KCI, and 20 mM mercaptoethanol. The four deoxyribonucleoside triphosphates were added to a final concentration of 0.4 mM each and 40 units of reverse transcriptase from avian myeloblastosis virus (kindly supplied by J. Beard) was added to a total volume of 250 ul. The reaction mixture was incubated at 370C for 1 hr before phenol extraction and ethanol precipitation. The pellet was dissolved in 0.1 M NaOH/1 mM EDTA and urea was added to 5 M before separation on a 10% polyacrylamide gel in 7 M urea.
RESULTS

Location of the NH2-terminal end of the hexon gene
Because the 5' end of the hexon mRNA has been mapped around position 51 on the Ad2 genome (4, 5), we decided to obtain sequence information from this region in order to locate Fig. 2 shows the nucleotide sequence, comprising 139 base pairs, which was determined by the method of Maxam and Gilbert (13) . The established sequence (Fig. 2) includes an AUG initiator codon located [75] [76] [77] nucleotides to the left of the cleavage site for Sma I at position 51.1, followed by codons for a sequence of 26 amino acids which is in perfect agreement with the published NH2-terminal sequence for the Ad2 hexon polypeptide (15) . Isolation of single-stranded primers for reverse transcription of hexon mRNA In order to selectively copy the 5' end of the hexon mRNA with reverse transcriptase, specific primer fragments were prepared. Fig. 3 gives a schematic description of a simple procedure developed (Figs. 2 and 3) . The second primer (Tag-Alu primer) was isolated by cleavage of the Sna-D fragment with endonuclease Taq I. The digest was labeled with polynucleotide kinase and cleaved with endonuclease Alu I before separation on a denaturing gel. Because endonuclease Alu I generates flush ends, an end-labeled 46-nucleotide single-stranded fragment can be isolated that corresponds to the nucleotide sequence located 63-108 nucleotides leftwards of the cleavage site for Sma I at 51.1 (Fig. 2) . (Figs. 2 and 3 ) was hybridized in solution to purified hexon mRNA. The primer was extended by reverse transcription in the presence of unlabeled deoxyribonucleoside triphosphates and the reaction mixture was fractionated on a 10% polyacrylamide gel in the presence of 7 M urea. Autoradiography of the gel reveals several bands as shown in Fig. 4 . The fastest migrating band represents the 62-nucleotide unextended primer. The most slowly migrating component had an estimated chain length of 310 nucleotides and represents primer extended to the extreme 5' end of the hexon mRNA. In order to verify that the 310-nucleotide fragment indeed included sequences from the tripartite leader, the fragment was eluted and hybridized with fragments of Ad2 DNA that had been transferred to nitrocellulose by the method of Southern (16) . and Hpa I-A, which both include the NH-terminal part of the hexon gene. The additional bands, seen in Fig. 4 , are of unknown origin. They may represent prematurely terminated reverse transcripts, caused by secondary structures in the mRNA, or represent transcripts from other hexon mRNA populations that have gone through different processing pathways. Primer that had been extended in the presence of actinomycin D at 30 gg/ml gave the same pattern as shown in Fig. 4 .
A-G-A-A-G-G-A-G-C-T-G-C-G-C-C-C-G-C-T-T-T-C-C-A-A-G-A-T-G DNA
Because the hexon initiator AUG is located 75-77 nucleotides leftwards of the Sma I cleavage site at position 51.1 (Fig. 2) and because the full-length transcript has an estimated length of 310 nucleotides, we calculate the 5' noncoding region of the hexon mRNA to be approximately 235 nucleotides. Sequence analysis of the 5' noncoding region of the hexon mRNA 5' end-labeled Sma-Taq and TaqgAlu primers were hybridized to purified hexon mRNA and extended in the presence of unlabeled deoxyribonucleoside triphosphates. Complementary DNA (cDNA) corresponding to primers that had been extended to the 5' end of the hexon mRNA were isolated and subjected to sequence analysis by the method of Maxam and Gilbert (13) . Fig. 6 shows a sequencing gel for the extended Taq-Alu primer and, for comparison, a sequencing gel showing the DNA sequence for the corresponding region leftwards of the hexon initiator codon. The sequence deduced from the extended primers is shown converted to the corresponding mRNA sequence in Fig. 7A . It is apparent from Figs. 6 and 7A that the DNA and cDNA (mRNA) sequences start to diverge 39 nucleotides leftwards of the hexon initiator AUG. In this position a G in the DNA sequence is substituted with a T in the cDNA sequence (Fig. 6) . The splice point, where the third leader is attached on the hexon mRNA, is thus located between nucleotides 38 and 39 leftwards of the hexon initiator AUG (Fig.  7A) .
Because the total length of the 5 Fig. 2 , was determined by sequencing both complementary strands except for 27 nucleotides at the right-hand end. The sequence at this position, however, is confirmed by the known amino acid sequence for the hexon NH2-terminus (15) .
The mRNA (cDNA) sequence (Fig. 7A ) obviously could not be confirmed by sequencing the complementary strand. Instead, independent confirmation was obtained by determining the sequence by the method of Sanger et al. (18) , which gave exactly the same result as shown in Fig. 7A (data not shown) . DISCUSSION This paper describes the nucleotide sequence of the NH2-terminal part of the gene for the hexon polypeptide. In a previous report (12) By the use of purified hexon mRNA as template and separated strands of small restriction enzyme fragments as specific primers, it was possible to copy the complete 5' noncoding region of the hexon mRNA with reverse transcriptase and to determine part of its sequence.
The length of the 5' noncoding part of the hexon mRNA was estimated to be 235 nucleotides by gel electrophoresis (Fig. 4) . The 40S initiation complex has, in other system, been found to protect no more than 32 nucleotides upstream from the AUG initiator triplet (17) . Because the leader starts 39 nucleotides leftwards of the initiator AUG (Fig. 7A) (19) , which in the reovirus systems has been found to enhance the rate of ribosome binding to mRNA (20) although it is not required for proper binding of the ribosome to the correct position on the mRNA.
In prokaryotic organisms a complementarity between the 3' end of the 16S rRNA and the mRNA has been suggested to play an important role in the fixation of the ribosome to the initiator AUG (21, 22) . Recently it was pointed out that a purine-rich region (A-G-G-A-A-G-G-C-G) in the 18S rRNA in eukaryotes exhibits extensive complementarity to 5' noncoding regions of mRNA (17) . At three places in our sequence, which are all located within the hypothetical 40S initiating complex, a four-nucleotide complementarity to this purine-rich sequence can be established (Fig. 7A) .
It was recently proposed by Klessig (7) that splicing takes place by a mechanism in which sequences that are destined to be adjacent are brought together by looping out the intervening sequences followed by covalent joining via an intramolecular cleavage and ligation reaction. One prediction from the model is that a hairpin sequence should be present at the splice point of the hexon mRNA. Fig. 7B shows that the nucleotide sequence at the leader junction permits the formation of a short hairpin structure with a free energy of formation of -5.4 kcal/mol (1 kcal = 4.184 kJ) (23) . It is also noteworthy that a highly G+C-rich region, in which 15 out of 16 nucleotides are G or C residues, is located immediately rightwards of the hairpin structure (Fig. 7B) . Under physiological conditions the hairpin shown in Fig. 7B is, however, too short to provide a stable interaction by itself. Additional stability could be provided by other factors. It should also be pointed out that the sequence of the leader junction represents the end product of the splicing reaction and it is conceivable that a considerably longer hairpin is present in the mRNA precursor, most of which becomes eliminated during the intramolecular ligation reaction.
Of interest to notice is that a trinucleotide (C-Q-C) is present both in the leader sequence and in the DNA sequence, immediately to the left of the splice point (Fig. 7A) . Such a short repetition is not enough by itself to give specificity for the splicing reaction but might be of importance in combination with other features. A surprising finding was that the DNA sequence at the splice point could form a 15-base pair hairpin structure (free energy -20.4 kcal/mol) (Fig. 7C ) that is much more stable than the corresponding hairpin in the spliced mRNA. The splice point is located within the stem of this stable hairpin. It is tempting to speculate that this hairpin, which should be present on the Proc. Nati. Acad. Sci. USA 75 (1978) hexon mRNA precursor, is important for the splicing reaction, serving as a recognition signal for the splicing enzymxes.
We would finally like to point out that methylated bases on the mRNA precursor could provide additional signals to guide the splicing enzymes. Because m6A has been found to be the most commonly modified base in mRNA it is noteworthy that adenine residues are present on both sides of the splice point (Fig. 7A) . A similar finding with A residues located around the splice point has recently been observed in the genes for yeast tRNA (24 
